antigenemia assay and the commercially available COBAS Amplicor CMV Monitor (CACM) assay were compared to the LC-PCR assay for the detection and quantitation of cytomegalovirus (CMV) load in 404 parallel specimens of peripheral blood from 66 patients after solid organ transplantation. A good correlation existed among these three assays (r Х 0.6, P < 0.0001). The LC-PCR assay was the most sensitive (54% of specimens positive) compared to the CACM (48.6%) and the pp65 antigenemia (26%) assays. The LC-PCR assay detected all samples found positive by using both the CMV pp65 antigenemia assay and the CACM assay. The LC-PCR also had the widest dynamic range (from 250 to 10 7 DNA copies/ml of plasma). No cross-reactions were found among CMV and Epstein-Barr virus, varicella-zoster virus, or herpes simplex virus in the LC-PCR by using amplification with specifically designed primer pairs. Precision, expressed as the coefficient of variation, was <3% with standard DNA from cell cultures and between 6.55 and 14.1% with clinical specimens in repeat LC-PCR runs. One run of the LC-PCR took half of the time required for the semiautomated CACM procedure. Because of its sensitivity, specificity, cost-effectiveness, and simplicity, the LC-PCR assay could replace the pp65 antigenemia and the CACM assays as the preferred technique for the surveillance, diagnosis, and monitoring of response of CMV diseases in high-risk populations.
Despite significant advances resulting from the use of preemptive and prophylactic antiviral therapy for the prevention of cytomegalovirus (CMV) disease after solid organ transplantation, CMV continues to cause morbidity and mortality in this setting (15, 29, 30, 31) . Appropriate management of these patients is dependent on the early detection and quantitation of CMV viremia and/or CMV DNAemia to identify patients at greatest risk for CMV disease, diagnose infection, and determine response and duration of antiviral therapy (1, 8, 13, 23, 24, 25) . The CMV pp65 antigenemia assay, a specific quantitative method developed in the early 1990s, has been widely used for the diagnosis of CMV disease and monitoring of responses to antiviral therapy (3, 6, 11) . However, this assay sometimes shows false-negative results due to a low-level expression of the pp65 antigen in white blood cells in a small number of patients with definite CMV disease (20, 22, 28) . The labor-intensive nature of the procedure, the requirement for immediate sample processing, and the subjective interpretation of slides place limitations on this assay as a routine diagnostic procedure (4, 16, 22) . In addition, the clinical utility of these assays in assessing response to antiviral therapy is uncertain (7, 22) . PCR-based qualitative detection of CMV DNA in blood samples provides 100% sensitivity for the diagnosis of CMV disease, but the specificity is generally 50% or less (17, 29, 33) . The NucliSens assay (Organon Teknika Diagnostics, Boxtel, The Netherlands), an isothermal nucleic acid amplification reaction assay, detects the presence of CMV latemRNA pp67. The presence of mRNA pp67 indicates active viral replication, and its detection is a marker for active CMV infection (18, 19) . Nevertheless, this assay has less sensitivity than DNA amplification and antigenemia assays for detection of CMV infection. The lower sensitivity of the assay may result in failure to detect or predict CMV disease in all patients (22) . In one study, the assay did not detect the mRNA transcripts in 4 of 11 patients who developed CMV disease (19) . A commercially available COBAS Amplicor CMV Monitor (CACM) assay has been developed by Roche Diagnostics (Branchburg, N.J.) for the determination of CMV DNA load (5, 6, 30) . This semiautomated PCR amplification system provides clinical laboratories with a standardized assay for detection and quantitation of CMV in plasma, featuring high sensitivity and specificity. However, some disadvantages, such as the cost, the narrow dynamic range of the assay and the time-consuming nature of the procedure, limit the use of CACM as a surveillance tool in high-risk populations (22, 26, 35) .
Recently, a fluorescence-tagged, real-time quantitative PCR assay in a closed tube system has been introduced into research and diagnostic laboratories. Two systems are available, the LightCycler-based PCR (LC-PCR; Roche Diagnostics) and the ABI Prism 7700 sequence detection system (PE Applied Biosystems). A few studies have demonstrated that real-time quantitative PCR is accurate, rapid, and cost-effective with high sensitivity and specificity for the determination of CMV fresh series of log dilutions (10 6 to 10 1 genome copies) in order to establish a positive standard curve for the LC-PCR.
The precision and sensitivity of the LC-PCR were evaluated in five LC-PCR runs carried out on different days with both positive CMV DNA fragments and five known CMV-positive clinical specimens. DNA isolated from cultured cells infected with Epstein-Barr virus (EBV), varicella-zoster virus (VZV), and herpes simplex virus (HSV) was analyzed, with the same primer pairs, in the LC-PCR to define the specificity of the assay. To detect the presence of any inhibitors, 100 copies of CMV DNA were added to negative specimens, as determined by the first run of the LC-PCR, and the LC-PCR was rerun. Negative results obtained in the second run of the LC-PCR would indicate that the specimens or the reactions contained inhibitors.
CACM test. The CACM test, a quantitative PCR assay, amplifies a 365-bp fragment of the CMV polymerase gene. The PCR was carried out according to the manufacturer's instructions. The amplicors and quantitative standards were detected separately with specific probes by using a semiautomated COBAS system (30) . Results were expressed as CMV DNA copies/ml of plasma. The quantitative assay has a lower limit of detection at 400 CMV DNA copies/ml. Antigenemia assay. The CMV pp65 antigenemia test was carried out with commercial antibody according to the standard protocol (Clonab CMV; Biotest AG, Dreieich, Germany). Briefly, a suspension of peripheral blood leukocytes was prepared and adjusted to a concentration of 2 ϫ 10 5 cells per ml. The suspension (0.1 ml) was used to prepare a cell spot on a slide. The slide was fixed in acetone and the CMV antigen was detected by immunofluoresence with a monoclonal antibody against the CMV pp65 antigen. The positive cells were enumerated and reported as the number of positive cells per 2 ϫ 10 5 leukocytes. Costs of three assays. The costs of three assays were measured in terms of procedure requirements for time, reagents and/or kits, and labor.
Statistical methods. Differences between CMV viral load detected with the three assays were analyzed by using the Pearson chi-square test. Quantitative correlation among the antigenemia assay, the LC-PCR and the CACM assays was calculated by using the Pearson product format correlation. The precision of the LC-PCR for detecting CMV was expressed by the coefficient of variation. The confidence interval (CI) was at 95%, and the significance level was set at P Ͻ 0.05.
RESULTS

Evaluation of the LC-PCR assay.
One copy of standardized DNA from cultured cells could be detected in one out of five repeat LC-PCR runs (data not shown), whereas 10 1 , 10 2 , 10 3 , 10 4 , 10 5 , and 10 6 DNA copies were detected in all five LC-PCR runs (100%). Since the DNA from 20 l of plasma was used for one PCR, the lower threshold for CMV DNA detection is 250 copies per ml of plasma. The correlation between the noise band crossing points and log DNA copy numbers revealed a good negative linear relationship (r ϭ Ϫ1, P Ͻ 0.0001) (Fig.  1A ). The other viruses tested-EBV, HSV, and VZV-did not cross-react with CMV in the LC-PCR. All negative specimens were tested for PCR inhibition, and none was observed.
To check precision of the assay, standard DNA was diluted to 10 1 , 10 2 , 10 3 , 10 4 , 10 5 , and 10 6 copies per PCR; the coefficients of variation of the noise band cross-points were 1.07% (CI 0.87 to 1.27%), 1.35% (CI 1.05 to 1.65%), 1.29% (CI 0.98 to 1.60%), 1.9% (CI 1.37 to 2.43%), 2.87% (CI 1.99 to 3.75%), and 2.08% (CI 1.37 to 2.79%), respectively, in five replicate LC-PCR runs. However, in five replicate LC-PCR runs the reproducibility of five clinical samples with unknown copy numbers of CMV DNA showed coefficients of variation of cycle cross-points from 6.55% (CI 2.79 to 10.31%) to 14.1% (CI 11.14 to 17.06%). Therefore, a greater variation was observed with DNA from clinical specimens than with standard DNA fragments.
Detection of CMV by the pp65 antigenemia, the LC-PCR, and the CACM assays. In a total of 404 plasma samples from 66 patients who underwent solid organ transplantation, 391 specimens were tested by all three of the assay methods-the pp65 antigenemia, LC-PCR, and CACM tests-and the other 13 specimens were assayed by two tests-the pp65 CMV antigenemia and the LC-PCR assays. Positive samples were observed in 21% of the patients tested by using the pp65 antigenemia assay, while the CMV LC-PCR and CACM assays detected positive samples in 38% of patients (25 of 66). Of 404 specimens, 26% (105 of 404) were positive for CMV in the pp65 antigenemia assay. All antigenemia-positive specimens were confirmed to be positive by both the LC-PCR and the CACM assays. Using the LC-PCR assay, 228 of 404 samples were determined to be positive. Of the 224 CMV DNA-positive specimens detected by LC-PCR (4 samples of the 228 were not tested), only 203 were found to be positive (90%) by the CACM assay. None of the specimens determined to be negative by LC-PCR were positive by the CACM assay. The results of these three assays for detection of CMV from clinical specimens are summarized in Table 1 .
Regression analysis of CMV quantitation by the pp65 antigenemia, the LC-PCR, and the CACM assays. The correlation of CMV quantitation between the three assays was analyzed in 105 positive specimens, and the results are shown in Fig. 2 Fig. 3 . The data shown in this figure also illustrate that the numbers of CMV DNA copies detected by the LC-PCR were higher in most samples than those detected by the CACM assay. CMV DNA was detected in 203 specimens by both the CACM and the LC-PCR assays. The DNA copy number per ml of plasma (log mean Ϯ the SD) was 3.91 Ϯ 0.92 (CI 3.79 to 4.03) in the CACM assay versus 4.73 Ϯ 1.05 (CI 4.59 to 4.87) in the LC-PCR. The results of CMV DNA load generated by LC-PCR were ca. 10-fold greater than those generated by the commercially available CACM test. A very good linear correlation existed between the CACM and the LC-PCR tests (Fig. 2C) . To further elucidate the relationship between the CACM and LC-PCR for quantitative detection of CMV DNA, 203 specimens assayed with the CACM were subgrouped according to their CACM results (negative, Ͻ10 3 , Ͻ10 4 , Ͻ10 5 , and Ն10 5 ). DNA copy numbers obtained by the LC-PCR for the specimens in each of these subgroups were compared to the results from the CACM. The r value revealed a statistical significance at 0.64, 0.92, and 0.71 for the subgroups with DNA copy numbers, as measured by the CACM assay, of Ͻ10 4 , Ͻ10 5 and Ն10 5 (P Ͻ 0.001), respectively, illustrating good correlation at high copy numbers. There was no correlation in the subgroups with DNA copy numbers of Ͻ10 3 (r ϭ 0.18, P Ͼ 0.3) (Fig. 4) , illustrating much poorer correlation at low copy numbers. The LC-PCR was more sensitive than the CACM assay for detection of CMV; 21 specimens found to be negative by the CACM assay were found to be positive for CMV DNA by using the LC-PCR method.
The LC-PCR assay is a one-step procedure and easy to use. The entire CMV viral load procedure by using LC-PCR takes a maximum of 120 min, while the antigenemia and CACM procedures require 180 and 240 min, respectively, for a single test. The costs per sample with the antigenemia, LC-PCR, and CACM tests are $35.8, $39.8, and $104.7 (Canadian dollars), respectively.
DISCUSSION
CMV viral load assessment in the peripheral blood of a solid organ transplant is a potentially powerful tool for use as a surveillance tool, along with preemptive antiviral strategies for the prevention of CMV disease, as a diagnostic tool for the detection of CMV disease and as a monitoring tool for the effectiveness of antiviral treatment. In the present study, we compared three assays-the LC-PCR, CACM, and pp65 antigenemia tests-for detection and quantitation of CMV viral load with respect to sensitivity, specificity, dynamic range, technical required time, and cost in a diagnostic setting. The results generated demonstrated a good correlation between these three methods. The sensitivities of the LC-PCR and CACM assays were superior to that of the antigenemia test (P Ͻ 0.001). The LC-PCR method was more sensitive than the CACM method for detection of viral DNA load, especially in patients with lower viral loads. This may be an attractive feature when high-risk patients such as those in the negativepositive, recipient-donor subgroup are undergoing routine posttransplant surveillance. The antigenemia test was least sensitive. This lack of sensitivity may result in false-negative results and delay early diagnosis and initiation of therapy for CMV disease (22, 28) . In contrast, the LC-PCR and the CACM assays detected a wide range of viral DNA loads: from 250 to 10 7 DNA copies per ml of plasma by the LC-PCR and 400 to 10 5 by the CACM. Even minor fluctuations of viral DNA load within these ranges could be detected. Two characteristics of the LC-PCR and the CACM assays-their sensitivity and wide dynamic range-may provide a considerable advantage in identifying and predicting patients at high risk for the development of CMV disease after transplantation.
The LC-PCR and CACM tests are based on the detection of viral DNA load in plasma by PCR amplification. The target sequences for amplification, however, were designed differently. In comparing the results of CMV DNA load measurements obtained by the LC-PCR and the CACM methods, we found a very good correlation between the results with the LC-PCR protocol developed in our laboratory and the commercially available CACM test widely used in clinical diagnostic laboratories (r ϭ 0.91, P Ͻ 0.001). The CMV DNA load was ϳ10-fold greater when assayed by using the LC-PCR compared to results obtained by using the CACM in the present study. Schaade et al. reported similar results when the CMV viral load was determined by the CACM assay to be Ͼ10 4 copies per ml of plasma (26) . The differences are thought to stem both from the different efficiencies in amplification of DNA fragments located in the glycoprotein B gene for the LC-PCR versus the polymerase gene for the CACM assay and from the different detection strategies. In the LC-PCR test, amplified sequences were detected on a cycle by cycle basis during thermal cycles (real-time PCR), whereas the CACM test determines only the final DNA copy numbers at the end of the analysis (endpoint assay). Therefore, a high DNA load can be detected by the LC-PCR with fewer cycles, since a negative linear correlation exists between viral DNA load and the numbers of amplification cycles required. Additionally, the CACM method cannot properly estimate the viral DNA load when the DNA concentration in original specimens is greater than 10 5 copies per ml, as demonstrated in the test with calibrated CMV DNA standards in the present study. With the narrower dynamic range of the CACM, dilutions are needed for specimens with high viral DNA load in order to accurately determine the real peak load. Diluting specimens and repeating runs may introduce errors and are time-consuming and expensive. Accurate determination of peak viral load may be useful in the monitoring of response to antiviral therapy. Considering the dynamics of CMV replication in vivo when the viral load may rise quickly, a "frequent follow-up strategy" for CMV load determination may improve the clinical management of patients at high risk for CMV disease. Thus, from a clinical point of view there is a great need for an assay that is time-and cost-effective, that is able to detect a wide range of clinically relevant CMV DNA load, and that is a one-step procedure. The present study demonstrated that the LC-PCR was a onestep assay and that the entire testing procedure with the LC-PCR was faster and cheaper than the CACM assay. Schaade et al. reported that the cost of the supplies required for the commercially available CACM test exceeds that of the supplies required for the LC-PCR by a factor of 20 (26) .
Prior to the introduction and validation of PCR techniques for detecting DNA load, the antigenemia test was considered to be the "gold standard" for detecting CMV disease (3, 6, 9) . In the present study all specimens testing positive by the pp65 antigenemia assay were confirmed to be positive by the LC-PCR. However, the positive rate for 404 specimens in the LC-PCR test (56%) was double that obtained in the pp65 antigenemia assay (26%). This difference is not unexpected given that the monoclonal antibody only directly detects immediate-early CMV protein in white blood cells infected by CMV, whereas the LC-PCR assay detects and amplifies specific CMV DNA in plasma. We also observed that the fluctuations in CMV load in peripheral blood detected by the antigenemia, the LC-PCR and the CACM assays demonstrated similar patterns with sequential samples in all patients with solid organ transplantation. When CMV was below detectable levels in the antigenemia assay, the CMV DNA load determined by the LC-PCR and the CACM assays were low, although still detectable. This supports our conclusion that the high sensitivity of the LC-PCR assay was not due to false positives or contamination.
We observed a melting point of 67.5°C for the hybridization probes with the PCR amplicons of all of the positive specimens and CMV DNA-positive controls in the present study. This melting point was higher than that previously published by Schaade et al. (27) . In that study, two different melting temperatures, 59.2 and 53.1°C, were observed and could be explained by sequence variation of the amplicon where the probe binds. Other factors that could affect melting temperature, such as the primer and probe purification, DNA extraction, and PCR conditions, were similar in Schaade's and our study except for a difference in the annealing temperature (58 and 55°C, respectively). Genetic heterogeneities of CMV glycoprotein B gene from patients with different clinical backgrounds were previously described (12, 34) . While all of the patients in our study had solid organ transplantation, Schaade et al. did not specify the clinical histories of their patients. The homogeneous patient population in our study would explain the absence of variation of melting temperature in our data.
Precision of LC-PCR showed a greater coefficient of variation in clinical specimens compared to samples of purified CMV DNA. The reason for this is not clear. In general, it is accepted that DNA isolated from clinical specimens contains some impurities that may inhibit the PCR and signal detection (21) .
The specificity of the LC-PCR protocol for detecting CMV load was confirmed in the present study by demonstrating negative results with EBV-, HSV-, and VZV-infected cultured cells. An analysis of the correlation between clinical features of CMV disease and CMV DNA copy numbers in plasma is currently ongoing in order to establish a clinically relevant "cutoff" threshold of the LC-PCR that can be used to predict CMV disease. The present study focused on a comparison of three available techniques for determining human CMV load. Based on the data from the present study, we conclude that the real-time LC-PCR assay developed in our laboratory allows for sensitive detection and an accurate quantitation of CMV DNA load over a large dynamic range (10 to 10 6 copies). With good sensitivity, specificity, relatively low cost, and a simple procedure, we believe that the real-time LC-PCR assay with its advantages could replace the commercial CACM test for quantitation and monitoring of CMV DNA in the diagnostic virology laboratory.
